Research during the last 20 years, has led to a major expansion in knowledge about long-term climatic variability and dynamics. Two developments, in particular, have advanced the theoretical understanding of the major environmental changes that induce continuous changes in ecosystems and in the distributions of plant and animal taxa. The first development was a recognition that the alternation of glacial and interglacial climates has been paced by the variations in solar radiation generated by periodic variations in the Earth's orbit. The second development involved an increased understanding of the hierarchical controls of regional climatic variations. Studies of marine plankton from deep-sea cores were critical to the first development, whereas the second development arose from regional to global syntheses of paleoclimatic data combined with analyses of paleoclimatic simulations from climate models. These two sets of information provide a theoretical framework for understanding climatic variations through time at the subcontinental scale and lead to a recognition that elements of the biosphere, such as vegetation and marine plankton, have experienced large periodic variations in climate for millions of years.
INTRODUCTION
Research during the last 20 years, has led to a major expansion in knowledge about long-term climatic variability and dynamics. Two developments, in particular, have advanced the theoretical understanding of the major environmental changes that induce continuous changes in ecosystems and in the distributions of plant and animal taxa. The first development was a recognition that the alternation of glacial and interglacial climates has been paced by the variations in solar radiation generated by periodic variations in the Earth's orbit. The second development involved an increased understanding of the hierarchical controls of regional climatic variations. Studies of marine plankton from deep-sea cores were critical to the first development, whereas the second development arose from regional to global syntheses of paleoclimatic data combined with analyses of paleoclimatic simulations from climate models. These two sets of information provide a theoretical framework for understanding climatic variations through time at the subcontinental scale and lead to a recognition that elements of the biosphere, such as vegetation and marine plankton, have experienced large periodic variations in climate for millions of years.
In this paper, we describe the major global climatic variations for the last 20 ka, the last 175 ka, and the last 3 Ma. We combine a map view of changes from the last 20 ka with a time-series perspective for the two longer time intervals. The order of our discussion of these time periods allows us to interpret the longer records in terms of lessons learned from studies of the last 20 ka. Large spatial data sets and climate-modeling experiments for the last 20 ka show how global and regional controls of climate govern the regional patterns of environmental change. They also illustrate the biospheric response a) to the change from fullglacial to interglacial conditions and b) to a full cycle of moisture-balance changes in the northern tropics from dry to wet to dry conditions. Records from the last 175 ka, which span almost two full glacial/interglacial cycles, help us evaluate how vegetation and marine plankton populations track these long-term environmental changes. Records spanning the last 3 million years show the antiquity of the large periodic variations and how selected ecosystem and biogeographic changes are embedded within longer-term non-reversing trends in climate.
From studying these three periods of large climate changes we have concluded that major elements of the biosphere track the long-term environmental changes fairly closely. In 1976, Davis (42) used maps of changing range boundaries for eastern North American tree taxa to illustrate the individualistic response of taxa to general climatic changes accompanying deglaciation. Since 1976, we have developed a better understanding of how the climate system operates and how global controls create regionally varying responses in both climate and the biosphere. These new insights have helped to clarify the role of climate in continuously forcing major rearrangements in assemblages of plants and animals (45, 56, 66, 118, 147) . This understanding when combined with records of the last 3 Ma and longer is fundamental to understanding how climatically induced ecological changes affect evolutionary history.
BACKGROUND
Before reviewing the data and results from the last 20 ka, 175 ka, and 3 Ma, we provide some background information on the major climatic and biospheric changes within each of the time periods. We also describe the paleoclimatic data and climate models used in studying the time periods and note some of the major global syntheses of the data and model results.
Timescales
For each of the three time scales (the last 20 ka, 175 ka, and 3 Ma), we describe a) variations in the controls of climate, b) the nature of the climatic variations induced by the changes in controls, and c) selected, observed biotic responses. For each time scale, many of the key controls of climate are understood, and for both the last 20,000 and 175,000 years climate models and paleoclimatic data have been used to test ideas about how the system works. These analyses have allowed "historical" or geological data to be used in an experimental framework (nature having already performed the experiments) to test hypothetical climate patterns simulated from the theory incorporated in the climate models. The model results also help to explain how the global controls affect regional climates. The lessons learned from these experiments are useful for the interpretation of the 3 Ma climate records and to understanding how global climatic controls affect regional climates.
Of the three time scales, the last 20,000 years contains the most information about climatic and biospheric changes . The large well-dated data sets from this period have allowed us to map the responses of vegetation and lake-levels to the large environmental changes from full-glacial to full-interglacial conditions (34) . Time sequences of maps thus provide a spacetime view of the changes.
Simulations from climate models are also available and allow testing of specific ideas about why climate changed. Studies of the last 175 ka expand the view of responses to the whole range of variations from glacial to interglacial conditions and the reverse. Time series from this period show the response of the climate system to a variety of settings of the controls and show the behavior of biological systems under the different climatic conditions. The records from the past 3 Ma show that periodic, large swings in the environment predate the Quaternary and that the biotic response is coherent with these changes.
Our focus on global controls for climate has precluded discussion of the little ice age (ca. 1550 to 1850 A.D.) and other short-term climate variations relevant to many ecological issues. Climate changes at these scales have produced large regional variations in temperature and precipitation that have affected vegetation and patterns of succession (18, 20, 53, 57, 151) , but none have large globally averaged signals nor are they well understood in terms of what is forcing the climatic changes. Grove (58) and Bradley (23) provide excellent reviews of these climate variations.
Paleoclimate Data
The primary sources of paleoclimatic data are quantitative, dated time series of ecological, geochemical, or geophysical phenomena that are sensitive to climate. For the shorter time scales, spatial networks of such time series exist. To illustrate variations in different aspects of the climate system, we use stable isotopes from marine cores to infer global ice volume, analyses of ice cores to estimate atmospheric composition, pollen and plant macrofossils to infer vegetation and climate, foraminifera to represent aspects of the marine biosphere and to estimate sea-surface temperatures, and geomorphic and paleolimnological data to record variations in lake levels and surface hydrology (34) . Birks and Birks (19) , Bradley (21, 22) , Berglund (17) , Crowley and North (38) , Hecht (60) , and Huntley and Webb (68) describe the general characteristics of the data, dating methods, and the methods for data collection, analysis, and display. Methods for the paleoclimatic calibration and interpretation of the data appear in Bartlein et al. (11) , Hecht (60), Webb et al. (149) , and Prentice et al. (118) .
Climate Controls
A distinction can be made between the ultimate controls of variations in the whole climate system and the proximal controls of climate at a location. The ultimate controls include factors that are external to the climate system, as well as components within the system that vary slowly at the timescale under consideration (70, 132) . External factors include insolation (incoming solar radiation at the top of the atmosphere), the arrangement of the continents, mountain chains, and oceanic gateways, and the long-term changes in the composition of the atmosphere. The regular and predictable variations in the earth's orbital elements (the eccentricity of the orbit, the tilt of the axis, and the time of year of perihelion --also referred to as "precession" or "precession of the equinoxes") alter the latitudinal and seasonal distribution of insolation (14) . Each of these orbital elements has a characteristic period of variation: 100 and 400 ka (eccentricity), 41 ka (tilt) and 23 and 19 ka (precession). The variations of the orbital elements can be reliably determined back to 5 Ma (16) , and the latitudinal and seasonal distribution of insolation can be determined throughout this interval.
At timescales of 10 4 years and longer, these external controls govern the growth and decay of the ice sheets and changes in sea surface temperatures (SSTs). At shorter timescales, however, the ice sheets change so slowly that they can be considered external controls. The specific combinations of the external controls and slowly varying internal components of the climate system that exist at any time are sometimes referred to as the "boundary conditions" of the climate system, particularly in the context of climate simulation modeling (86) .
The proximal controls of the climate include variations of atmospheric circulation that determine the location of storm tracks and the distribution of airmasses. The direct effects of insolation and clouds on net radiation (and hence on sensible heating and evapotranspiration) at a place may also be considered a proximal control of climatic variations.
Climate Models
The development of general-circulation models for the atmosphere and oceans has permitted quantitative paleoclimate modeling (38, 81) . These mathematical models are based on nonlinear flow equations and the principles of mass and energy conservation (61, 145) . Advances in computer design and computational power allow development of new models with increasing realism and complexity. In paleoclimatic experiments, the models simulate past geographic patterns for surface and upper-air temperature, winds, and pressure as well as for surface precipitation and moisture balance. Analysis of these data reveal the position of the jet stream and storm tracks (34) . With appropriate analysis and empirical modeling, model simulations can be converted into estimates of past distributions of plant or plankton taxa (101, 149) .
Syntheses
Extensive research and data generation within the Quaternary paleoclimatic and paleoecological community have been critical to the theoretical advances and improved understanding of the long-term global climate changes. But the spearhead for much of the advance has come from three international interdisciplinary research groups (CLIMAP, SPECMAP, AND COHMAP) that have focused on global syntheses of Quaternary data in map and time-series formats. CLIMAP (Climate: Mapping and Prediction) was active from 1971 to 1981, and involved mostly paleoceanographers studying deep-sea cores with marine plankton dating back 300,000 years or longer. CLIMAP produced global maps for sea-surface conditions for the last glacial maximum (18 to 21 ka) (32, 47) and the last interglacial (ca. 125 + 5 ka) (33) . From long time series and powerspectrum analyses, CLIMAP demonstrated that orbital forcings were the pacemaker of the the glacial/interglacial oscillations in climate (59) . CLIMAP also initiated close collaboration between climate modelers and data generators in running and analyzing paleoclimatic experiments on the climate models (54, 94) .
SPECMAP followed CLIMAP in focusing on long marine cores and time series analysis and has generated several syntheses (15, 71, 73) illustrating the leads and lags among components of the climate system over the main orbital frequency bands. COHMAP (Cooperative Holocene Mapping Project), which began in 1977, has focused on the climate, vegetation, and surface-hydrological history of the past 20 ka. COHMAP researchers compiled a global data base and maps of terrestrial data for each 3000 year interval from 18 ka to present, calibrated some of the data sets in climatic terms, produced a time series of climate simulations with a general circulation model, and compared the data and model results to illustrate the impact of global climate controls on regional climates (34, 153) .
THE LAST 20,000 YEARS
During the last 20,000 years, the Earth's climate underwent the transition from glacial to interglacial conditions; a change as large as any during the past 3 Ma. These climatic variations resulted in large biotic responses, including migrations of individual taxa and rearrangements of vegetation and planktonic associations. The immediate controls of the climatic variations during this interval are well known, and the syntheses by CLIMAP (32) and COHMAP (34, 153) have allowed the spatial and temporal patterns of the biotic response to be explored in some detail.
Variations in Boundary Conditions
Insolation varied from a latitudinal and seasonal distribution at 20 ka that resembles that at present (Fig. 1 )to one at 10 ka in which summer insolation in the northern hemisphere was about 8 percent greater than present, with winter insolation about 8 percent less (13) . This exaggeration of the seasonal cycle of insolation resulted from the occurrence of perihelion during the northern hemisphere summer then (now it occurs on January 4th), and from an increase in the tilt of the earth's rotational axis (to 24.5 degrees as compared with the present 23.5 degrees). Deglaciation was favored by the increased summer isolation. The ice sheets decreased in height and area from 15 to 6 ka (47, 49) , and sea levels correspondingly rose (51) . Sea surface temperatures, particularly in the high northern latitudes, increased from 15 to 9 ka (32, 129) . Reduced SSTs act to lower temperatures in adjacent land areas, particularly, in downwind land areas (to the east in the midlatitudes). Over the same period, atmospheric carbon dioxide concentrations also increased (5, 106) , while atmospheric dust loadings decreased (46, 111) . Carbon dioxide, one of the greenhouse gases, absorbs and re-emits outgoing terrestrial radiation, thus raising the equilibrium surface temperature of the globe, while dust reflects incoming solar radiation, acting to lower the equilibrium surface temperature. Most of the change in the boundary conditions occurred during the interval between 15 and 8 ka, with changes following that interval representing a gradual relaxation toward present (34, 86) . (34) . Insolation (solar radiation) is shown as anomalies, or differences from present, for July and January (curve A; from 13) for 45°N. Global ice volume is represented by oxygen isotope (δ18O) variations in foraminifera (curve B; from 99a); sea-surface temperatures by winter SST estimates from foraminifera in the North Atlantic (curve C; from 128). Carbon dioxide concentrations (curve D) and dust (curve E) are from the Vostok ice core (5, 111) , and relative sea level estimates (curve F)are from cores off Barbados (51) . For curves B-F, the solid lines show the data as plotted assuming that the published dates pertain to the radiocarbon time scale, whereas the dashed lines show the same data as plotted using the Uranium/Thorium calibration from (4a).
Regional Climate Changes --Model Results
Climate modeling results demonstrate major global responses to the changing seasonal cycle of insolation and to the changing size and area of the ice sheets (Table 1 ). These two major controls interacted to produce a rich variety of climatic patterns (34) . The model results show that when the ice sheets were fully extended at 18,000 years ago, temperatures were more than 20°C lower than they are today over and at the edge of ice sheets (84) . Sea ice limits were extended, and temperatures were 4-10 o C lower than they are today in the North Atlantic and off eastern Asia (32) . The model results also show that at their maximum size the height and high reflectivity of the Northern Hemisphere ice sheets acted in concert with lower sea-surface temperatures and lower concentrations of CO 2 to depress northern hemisphere annual temperatures by more than 5°C (25, 148) . As the ice sheets retreated, regional and global temperatures increased.
The Northern Hemisphere ice sheets also had a major influence on atmospheric circulation. In the simulations, the Laurentide ice sheet acted as a major mountain range, somewhat like the Himalayas, that was big enough to reorganize the hemispheric circulation patterns. The ice sheet split the jet stream in winter with the southern branch crossing the west coast of North America farther south than at present, bringing abundant precipitation to the arid Southwest (34, 89) . The position of the jet stream was also controlled by the southern border of sea ice across the North Atlantic.
While the ice sheets were both at maximum extent and retreating, their direct and indirect effects combined to create climates with different combinations of temperature and precipitation than found today. For example, from 18 to 12 ka when cold summer temperatures were close to the key source of moisture in the Gulf of Mexico, the associated patterns of precipitation and moisture balance differed from those of 9 ka and 6 ka as well as from those of today. Many of the simulated climates from 18 to 12 ka have no close modern analogs among modern climates.
As the influence of the ice sheet on climate diminished, the influence of insolation grew with the amplification of its seasonal cycle. The mechanisms through which insolation governs regional climates (independent of its influence on the ice sheets) are also both direct and indirect: through greater heating and evapotranspiration in summer (and correspondingly less in winter) and through changes in atmospheric circulation caused by the increased land/sea contrast in both seasons (88) .
Because the oceans have a greater thermal inertia (i.e. heat less quickly) than the continents, the northern hemisphere surface heating effect was greatest in the continental interiors, and the land/sea temperature contrast increased. (The remnant Laurentide ice sheet at 9 ka, however, diminished the response over eastern North America.) Heating of the center of the continents resulted in the lowering of surface pressure relative to the surrounding oceans, particularly across northern Africa and Asia (87, 99) . This increased pressure differential caused stronger monsoonal circulation, and consequently greater summer precipitation in the monsoon regions of the northern hemisphere and an increase in the area affected by the monsoons. In the southern hemisphere, the simulations show the Many of the aspects of the simulated climatic changes over the last 20 ka are evident in the mapped records of paleoclimatic indicators (34) . For example, in the northern hemisphere tropics, lakes rose to levels much higher than present during the interval of maximum summer insolation from 12 to 6 ka, the interval for which the simulations project a pronounced increase in monsoonal precipitation (87, 99) . Similarly, many features of the simulated mid-latitude climates of the northern hemisphere are found in paleoclimatic data syntheses (34, 153) .
Biotic Responses
The principal biotic response to the climatic changes accompanying deglaciation was migration (69) . Throughout the past 20 ka, migration allowed individual species to track the climates favorable to this growth In Europe, for example ( Fig. 2) , spruce (Picea) trees and most arboreal vegetation were at very low abundances at 18 ka, in response to the cold, dry climate that prevailed then (34, 65) . As temperatures increased, spruce populations increased in abundance in the Alps and northeastern Europe. During the last 9 ka, the abundance maximum of spruce populations in Europe shifted westward, as spruce migrated into Scandinavia from the east after 6 ka. This latter shift fits well with the development of cooler winters in Scandinavia (83) , and the overall long-term, large-scale change for spruce appears to be mainly a response to climatic forcing (69). Huntley (65) and Huntley and Webb (69) have developed similar interpretations for the other major tree taxa in Europe. A key to understanding the individualistic behavior of taxa in Europe as well as elsewhere (see below) is an understanding of the regional climatic patterns and independent behavior of the different climate variables in response to the change in global controls.
In eastern North America, spruce populations show a similar type of behavior. At 18 ka, spruce populations were highest in the Midwest and their abundance then increased eastward south of the ice sheet by 15 ka before moving northward as the ice sheet retreated (Fig. 2) . Between 9 and 7 ka, spruce populations were at a minimum south of the remnant ice sheet. After the ice sheet disappeared at 6 ka, spruce populations expanded in the region of the modern boreal forest and then moved southward in southern Canada and the bordering regions of the United States after 2 ka (90) . Again the scale and trends fit well with our understanding of the major climate changes, but the best evidence for climate forcing comes from the ability of the series of climate model simulations to reproduce the changes evident in the spruce maps (Fig. 2) .
Similar time series of maps for other eastern North American plant taxa show the individualistic changes among taxa in terms of movement in both their abundance maxima and range boundaries (43, 95, 149 to present. The maps show that different combinations of taxa form and later dissociate. The broad association of spruce and sedge (Cyperaceae) pollen from 18 to 12 ka indicates growth of a spruce parkland that disappeared before spruce and birch (Betula) combined to indicate formation of the modern boreal forest at 6 ka. Other series of color maps show similar types of changes for deciduous and mixed forest taxa. Recent work by Prentice et al. (118) supports the interpretation that climate played a strong role in governing these vegetation changes. They inferred a set of climate estimates from the changing distribution of six pollen types and then were able to simulate correctly the major changes in distribution of seven other major taxa that had not been used to estimate the climate values. They were even able to show that the inferred climate values led hickory (Carya, one of the 7 independent taxa) to move into New England after oak (Quercus). Their study showed that there are plausible climate values that can account for the long-noted migration lag between oak and hickory in New England (42, 45) . Similar types and scales of spatial and temporal changes are evident among foraminifera taxa in the North Atlantic over the past 18 ka (Fig. 2) . Maps for several taxa show that the foraminifera assemblages change in composition as well as location. Since individual forams are free to move, we infer that they have closely tracked the environment most favorable for their growth. What is remarkable is that their scale of motion is similar to that for plant taxa on land. Therefore, for the time scales mapped, the populations of sessile trees on land behave like populations of mobile foraminifera in the ocean (48) .
The tracking of climate we show here for plant taxa and foraminifera is mirrored by similar kinds of changes elsewhere, especially where the biological data have been mapped, e.g., the western U.S., New Zealand, and Japan (8, 96, 138, 140, 141) . The paleoecological data therefore reveal two common reactions among taxa to large climatic variation--individualistic response and migration (69,75)--a situation that is not unique to the last 20 ka.
THE PAST 175,000 YEARS
The climatic changes of the last 20 ka represent one kind of variation of the climate system--a transition from full-glacial to full-interglacial conditions. Over the last 175,000 years, the climate system underwent two such transitions, along with the a more protracted transition into the last full glaciation. Throughout this interval, the biosphere was challenged by a continuously varying combination of climatic controls, to which it responded using the same mechanisms it employed during the last 20,000 years.
Changes in Boundary Conditions and the Controls of Regional Climatic Variations
Insolation variations over the last 175 ka clearly show the influence of the regular variations of the tilt of the earth's axis (at a 41 ka period) and of the precession of the equinoxes or the time of year of perihelion (at a 23 ka period) (Fig. 3A) . The most striking feature of the insolation record is the prominence of the precessional variations, with the influence of the tilt (and eccentricity) variations superimposed on the amplitude of these variations. Each precessional cycle is unique. The relative maximum of summer insolation in the Northern Hemisphere around 10 ka is one of eight such maxima during the last 175 ka. It is smaller than the maximum during the previous interglacial (around 125 ka), but larger than the two preceding ones (at 105 and 85 ka). At 125 ka, the July insolation anomaly at 65°N reached values about 50% greater than the peak anomaly during the present interglacial at 10 ka.
Over intervals longer than the response time of the ice sheets (< 10-20 ka), global ice volume and sea surface temperatures (SSTs) can be regarded as internal variables within the climate system that are interrelated and dependent on the insolation inputs (70, 73) . These relationships are most clearly displayed by spectral analyses of insolation, oxygen-isotope (δ 18 O) and SST time series (Figs.  3B-D) , which show the strong expression of the orbital variations in these data (59, 72, 73) . The specific physical mechanisms that link ice volume, sea surface temperatures, atmospheric composition and insolation on the Quaternary timescales still remain to be explicated in detail, however (73) .
For climate modeling experiments of particular dates, ice volume and SSTs can be regarded as boundary conditions that contribute to the variations of climate at the regional scale. Oxygen isotope records of global ice-volumes show a characteristic "saw-tooth" pattern over the late Quaternary (27, 72) , with rapid transitions from glacial to interglacial conditions (such as between 134 and 122 ka and 16 and 8 ka), and more gradual transitions into glacial conditions (Fig 3) . Although broadly similar to one another, the "full-glacial" (deglacial or interglacial) intervals differ in detail from one another. For example, the transition into the previous interglacial period was more abrupt than the transition into the current interglacial. If the 14 ka ice volume is used as an index of the size of the ice sheet that significantly depressed global temperatures and may have also influenced atmospheric circulation, then the duration of such influence was longer during the previous full-glacial interval than during the last (about 28 ka as opposed to 14 ka). The oxygen-isotope record also reveals a variety of different ice-volume levels during the interval between the previous interglacial and the last glacial maximum, with ice-volume minima occurring after the summer insolation maxima. In general, the interval between 125 ka and 75 ka featured more extreme insolation maxima and ice volume minima than those during the interval from 75 ka to the beginning of the present interglacial. Most of the time during the Quaternary, ice volume was at a level intermediate between the extremes of glacial maxima and interglacials ( Fig. 3; 113) .
Sea surface temperatures (SSTs) reconstructed from foraminiferal (Atlantic, Fig. 3D ) and radiolarian (Pacific, Fig. 3C ) fossils in ocean sediment cores show variations that are broadly similar to the ice volume records. The interglacial warm intervals are evident, as are the glacial maxima, and the contrast between the first and second halves of the last interval of glaciation is also clearly marked. Both records suggest that the relatively low SSTs, which characterized the last glacial maximum, persisted for much of the time after 75 ka Consequently, the influence of these cold oceans on adjacent land areas must also have persisted. Latitudinal transects of estimated SST in the Atlantic show the greater importance of the 100-and 41-ka period variations in records at higher latitudes, and the greater importance of the 23-ka period variations in the records from the tropics (73, 128) . This pattern likely reflects the pronounced influence of the Laurentide ice sheet on the northern oceans (127), coupled with the influence on the tropical oceans of insolation-driven variations in atmospheric circulation (97) . Another feature evident in the record of North Atlantic SSTs (Fig. 3) is the abrupt reversal of the deglacial warming trend about 10 ka marking the Younger Dryas climate reversal in the North Atlantic region (26, 123, 152) .
The detailed records from the Vostok ice core from Antarctica reveal the history of variations in atmospheric composition including such greenhouse gases as carbon dioxide and methane over the last complete glacial/interglacial cycle (76) . Carbon dioxide (Fig. 3E ) levels generally parallel the ice volume variations through time (5) . They are highest during the interglacial periods, lowest during the full-glacial intervals. Recent work (137) suggests that CO 2 variations lead δd 18 O by about 3 ka, a result consistent with earlier analyses of atmospheric carbon dioxide concentrations as inferred from δ 13 C records from benthic foraminifera (73, 136) .
Methane levels (Fig 3F) reveal variations that seem to reflect the insolation variations to greater degree than they do the ice volume variations. This linkage may be a result of methane production from increased tropical precipitation, which in turn is related to the enhancement of the monsoons during Northern Hemisphere insolation maxima (30, 112, 139) . It may also result from increased development of methane-producing northern wetlands (37) .
Atmospheric dust and aerosol records from the Vostok core (111) also reveal a characteristic pattern of glacial/interglacial variations (Fig. 3G) . Dust concentrations are highest during the glacial maxima, consistent with exposure then of continental shelves (by lowered sea levels), and greater windiness and dryness of continental-interior source regions (76) . Variations in the amount of ice on the continents has a direct effect on sea level, and relative sea-level variations (Fig. 3H) closely parallel the oxygen-isotope record of ice volume.
The specific details of the interrelationship between SSTs and ice volume, and their joint dependence on insolation and atmospheric composition is the subject of continuing research in paleoclimatology (73, 128) . The specific mechanisms involved are incompletely known, but a general research strategy involving the retrieval and interpretation of paleoclimatic indicators, the development of models--both conceptual and numerical, and the testing of those models with the paleoclimatic data will help to determine the specific cause-and-effect and feedback mechanisms (34, 73) . In general terms, the insolation variations drive the global climatic variations on the time scale represented by the last 175 ka (and longer), by governing global ice volume, and indirectly, SSTs and CO 2 . Variations in atmospheric composition apparently amplify the influence of insolation, and may provide a mechanism for synchronizing the climatic variations of the northern and southern hemispheres (25, 26, 107) . Insolation variations directly control terrestrial climates by warming and drying out the continental interiors during times of summer insolation maxima, and indirectly control both terrestrial climates and SSTs through variations in the strength of the monsoons (114).
Regional Climatic Patterns
Fewer examples of regional-scale syntheses of paleoclimatic records exist for the last 175 ka than for the last 20 ka, and these pertain mainly to the previous interglacial (e.g. 33, 91) . The paleoclimatic records are based primarily on biotic indicators, and we are therefore faced with the prospect of using them both to document the climatic changes and the biospheric responses to those changes. We are encouraged to do this because of our experience with the last 20 ka, where independent paleoclimatic records are available in the form of the climate-model simulations. Also, some studies (114, 124) have attempted to extend modeling results over time and to test those simulations (31, 143) . These efforts have been largely successful. Because the temporal variations in boundary conditions are known in detail for the last 175 ka, the record of known variations can be combined with insights gained from the results of climate simulations over the last 20 ka in order to estimate the climate variations in a particular region (9) . Over time, we therefore expect that regional variations of climate over the last 175 ka will become better known, and ultimately, independent climatic records will become available, to which the biospheric response can be compared.
Biotic Responses
A selection of paleoecological records can be used to illustrate the nature of the response of the biosphere to the climatic forcing during the past 175,000 years (Fig. 4) . Two principal kinds of response of marine ecosystems are documented by the fossil record: 1) changes in species distributions and abundances, and 2) changes in productivity. The distribution and abundance changes are recognized by wholesale variations in faunal assemblages. In both the North Pacific (Fig. 4C 100) and North Atlantic ( Fig. 4D; 128) , for example, subtropical assemblages increase at the expense of colder water assemblages during the interglacial periods, and at times of the precessional insolation maxima and ice volume minima during the glaciations. Similar changes in species distributions and abundances occur throughout the world ocean (32) .
Productivity in marine ecosystems also varies through time, at the whole-ocean scale as well as at the regional scale (100, 105) . Productivity changes are large in those regions where oceanographic changes are governed by atmospheric circulation controls that themselves are highly variable. For example, the opal flux in sediments from the Arabian Sea reflects productivity in a region of upwelling induced by monsoon winds; its variations are coherent with the insolational forcing of the monsoons (31) . Other indicators of various aspects of marine ecosystems also vary coherently with climatic forcing. For example, variations in nutricline depth in the equatorial Atlantic can be linked to variations in the strength of tropical easterlies ( Fig. 4E; 103) , which, like the monsoons, are governed by insolational forcing.
Terrestrial paleoecological records also reveal sweeping reorganizations of plant associations at the vegetation formation or biome levels, and, as in the oceans, these reorganizations proceed in a coherent fashion with the climatic forcing. The record of oak (Quercus) pollen abundances at Clear Lake Figure 4 Biotic responses over the past 175 ka. The series shown are for a subtropical radiolarian assemblage at a site in the North Pacifi c (curve A; from 104); a subtropical foraminferal assemblage at a site in the North Atlantic (curve B; from 128), an indicator of nutricline depth variability from the tropical Atlantic ocean (curve C; from 103), the abundance of oak (Quercus) pollen at a site in California (curve D; from 1), the abundance of arboreal (trees plus shrubs) pollen at a site in France (curve E; from 102,150), the abundance of arboreal (trees plus shrubs) pollen at a site in Italy (curve F; from 52), the abundance of "monsoon pollen indicators" from a core from ocean sediments in the Gulf of Aden (curve G; from 114.,142), and the abundance of Casuarina pollen from a site in Queensland (curve H; from 78).
(California), reflect variations in the vegetation there between montane coniferous forests and oak woodland, with the latter best expressed during the interglacials (Fig. 4F 1) . A second mid-northern-latitude record from Grande Pile (France) shows the alternation between a forested landscape (during warm intervals) and nonforested landscape (during cold) ( Fig. 4G; 102,150 ). Similar variations, although of different amplitude, can be noted in a record from the Valle di Castiglione (Italy) (Fig. 4;H 52) . In each of these records, the variations evident in the single series shown in Figure 4 are not the product of simple replacements of one vegetation assemblage by another, but instead reflect the individualistic variation of different taxa.
Large variations in species abundance are not restricted to the mid-latitudes. Variations in pollen types indicative of moist conditions in East Africa vary in phase with the strength of the monsoon (Fig. 4I 114,115) . Similarly, variations in the abundance of sclerophyll taxa in tropical Queensland (indicative of dry conditions) vary in concert with changes in SSTs (and hence the moisture flux from tropical oceans) ( Fig. 4J; 78 ). Although few continuous paleoecological records for the past 175 ka exist for the tropics as a whole, the records that do exist suggest that biotic variation in the tropics is considerable on this time scale (28, 35, 93, 144) . In the arctic too, pollen records reveal fluctuations between forest and tundra on this time scale (see reviews in 3,125, see also 4,50,62).
The paleoecological records clearly register the overall state of the climate system, as represented by the oxygen-isotope record of global ice volume, as well as the influence of the insolation variations. The control of regional climates by insolation may be expressed either directly, as in the case of midcontinental temperature or moisture or indirectly, as for atmospheric circulation, monsoonal precipitation, or ice volume. Individual records thus show a mixture of effects of ultimate controls of regional climatic variations. For example, as has already been discussed, the marine record shows distinct latitudinal variations in the amplitudes of the periodic components of variation, with sites from higher latitudes exhibiting greater variability at the 100-and 41-ka periods, while lower latitude sites show greater variability at the 23-ka period (see transects of data in 73, 128) . Similarly, the terrestrial records also show different mixtures. The record of oak pollen percentages from Clear Lake in California (Fig. 4F ) exhibits an overall pattern that resembles a blend of the insolation and ice volume records (Figs. 4A and 4B), while the record from Grande Pile in France (Fig. 4G ) resembles a blend of ice volume and North Atlantic SSTs (Fig. 3D) . Most of the variation in the individual biotic records can therefore be related to either the ultimate controls of regional climatic variations (i.e. the external boundary conditions along with ice volume and atmospheric composition) or the proximate controls (i.e. SSTs and circulation features in adjacent oceans).
Second, even allowing for the greater uncertainty in age determinations than during the last 20 ka, the biotic responses occur with little discernable delay, or with lag times on the order of, or shorter than, those between the ice sheets and insolation. This situation does not arise from the assumptions made in assigning ages to the various records. For example, Adam (1) and Robinson, et al. (126) describe how the age of the earliest part of the Clear Lake record was assigned by correlation with the oxygen-isotope record. While this strategy would necessarily bring the "oak maximum" of the previous interglacial in line with the insolation maximum and ice volume minimum about 125 ka, it would not necessarily produce the good alignment between subsequent peaks evident in the figures. Apparent discrepancies in the timing of the extrema of the different records may therefore be as much a manifestation of the inherent time lags among components of the climate system as they are of any "inertia" in the biotic indicators. The close coupling of the biotic responses with the climatic controls implies that the specific mechanisms involved in the response allow the components of terrestrial and marine ecosystems to remain in a dynamic equilibrium with climate (see also 118). We believe that the same kinds of mechanisms employed during the last 20 ka were also used by the biosphere to track climatic variations during the last 175 ka.
THE PAST 3 MILLION YEARS
When the time span over which we view the record of past climatic changes is expanded to the last 3 Ma, the periodic variations that were evident in series for the last 175 ka, are supplemented by longer-term variations and trends and by changes in the pattern of variability. The biotic responses again track these changes, but show the additional impact of aperiodic, non-reversing trends in Earth history, in particular, those related to continental drift and mountain building. These processes erect or remove barriers to migration or dispersal, and directly affect both terrestrial and marine ecosystems over the long run. These slowly varying processes may also have an indirect effect on the distribution of plants and animals by governing the evolution of climate on the 3 Ma timescale.
Variations in Insolation and Oxygen Isotopes
During the last 3 Ma, the variations of insolation show the expected periodic variations at the 41-and 23-ka time scales of tilt and precession, and the influence of the 100-and 400 ka eccentricity cycles on the envelope of the insolation variations ( Fig. 5A; 16 ). This latter pattern results from the influence of eccentricity on how effective the variations in the time of year of perihelion are in influencing the seasonal cycle of insolation at a particular latitude. The insolation variations give the overall impression of regularity, with little abrupt change in pattern. Through time, unique sequences of oscillations do occur, however. Groups of several large maxima occur regularly including, for example, the three at 125, 105, and 85 ka (Fig. 3A) . Other groups of oscillations are also evident. Conversely, there are intervals when the extrema of insolation are relatively small, as from 450 to 300 ka. In context of the changes during last 3 Ma, the early Holocene and previous interglacial insolation values are exceeded 9 % and 1 % of the time, respectively (16) . One hundred forty local maxima in the July insolation record occur during the last 3 Ma (about every 20 ka). Of these local maxima, that in the early Holocene is the 54th largest, whereas that for the previous interglacial is the 11th largest. Maxima in July insolation values similar to those Figure 5 Variations in long time series that describe the state of the climate system and the marine and terrestrial biotic response to climatic variations during the last 3 Ma. The series shown are for July insolation anomalies at 65°N (curve A; from 16), oxygen isotopes from a core in the North Atlantic (curve B; from 120,130), carbon isotopes from the same core (curve C; from 120,130), a subtropical foram taxon (Globigerinoides ruber (white)) from the same core (curve D; from 120,130), magnetic susceptability of loess and soil from a long terrestrial sequence in China (an indicator of terrestrial climate; curve E; from 80), and variations in the relative abundance of three pollen types (Alnus, Quercus and Podocarpus) from a core in Columbia (curves F-G; from 63).
[Note: The chronology of the pollen record displayed here (Funza I; ref 63) was revised after this paper was in press (see Hooghiemstra for the last 20 and 175 ka, respectively, maxima of these magnitudes are therefore common in the longer record.
In contrast to the regularity of the insolation record, the oxygen-isotope record shows a striking change in the pattern of its quasi-periodic variations, beginning about 700 ka (Fig. 5B 120,131 ). This change is the superimposition of strong 100-ka variations on the 41-ka period variations that dominate most of this record. A second change, less evident in the series plotted in Figure 5B , is the increase in the overall variability of record at the onset of more extensive glaciation in the circum-North Atlantic region about 2.5 Ma (as recorded by the input of glacial detritus into the North Atlantic (e.g. 130, 135) ). This change is clearly expressed in other long oxygen-isotope series (77, 133) . The general patterns in the oxygenisotope record, including both the general periodicity throughout the record and the amplification of the 100-ka cycle within the last million years are also present in a record of magnetic susceptibility in long loess sequences from China ( Fig. 5F ; 79, 80) . Variations in the terrestrial record of paleoenvironments confirms that the oxygen isotopic record represents a global climatic signal.
Comparison of the insolation record ( Fig. 5A ) with the two paleoclimatic series (e.g., Fig. 5B and 5F) illustrates one of the major tasks in paleoclimatology: the explanation of the source of the 100-ka variability evident during the past 700 ka (and its absence earlier). Although the eccentricity of the Earth's orbit varies at this period, the resulting insolation variations are too small to drive the ice volume variations apparent in the oxygen-isotope record. A second major task is the explanation of the changes accompanying the growth of larger ice sheets in Northern Hemisphere about 2.5 Ma. Although this change can be viewed as part of the general cooling trend throughout the Cenozoic (e.g. 98) , that general trend needs to be explained as well.
The combined variations of insolation and ice volume (as represented by oxygen isotopes in foraminifera), and the regional climatic variations that these two controls govern, provide a continuously varying environment to which plant and animal taxa must have had to adapt. These long records indicate that environmental variation is the rule. The perception of the Quaternary as an exceptional period of environmental change that follows a long period of more gradual change during the Tertiary is no longer supported.
Biotic Responses
Several long records are available that can illustrate the modes of biotic response to the climatic variations of the past 3 Ma. The long-term variations of δ 13 C has two components (121; Fig. 5C ). It is a characteristic property of individual water masses, and can therefore be used to trace their mixing and circulation (see 40) . Secondly, its variations reflect the amount of carbon stored as biomass on the continents and shelves (see also 134). This second component of variation is present in all records equally, and visual comparison of several long records (e.g. 121; Figs. 2 and 3) show substantial common variation among those records. We therefore consider it here as a general index of the state of the biosphere. The record shows the basic periodicities present the the oxygen-isotope record and clearly shows the changes in variability at 2.5 and 0.7 Ma (Fig. 5) . Viewed either as a tracer of different water masses or as a general terrestrial-marine biomass index, the variability in this δ 13 C record suggests that the biotic tracking of environmental change that we noted for the late-Quaternary also prevails on longer timescales.
More specific indicators of biotic response can also be examined. A 1.6-Ma record of the subtropical foram Globigerinoides ruber (white) (131) shows the characteristic orbital periodicities and changes of variance (Fig. 5E) . Two long terrestrial pollen records are available that show the biotic response to regional climatic changes over the past 3 Ma. A record from Tulelake (Northern California) does not have sufficient temporal resolution to record all of the orbital periods, but does show some generalized changes corresponding to times of global climatic reorganization (2) . The longer and more detailed record from the Sabana de Bogotá (Columbia), has greater temporal resolution and shows several striking patterns (63) that are illustrated by time series for (Alnus, Quercus and Podocarpus) pollen (Fig. 5G-I ). All three pollen types show quasi-periodic variations with most major and minor glacial/interglacial cycles recorded. As striking, is the first appearance in this record of Alnus (about 2.65 Ma) Quercus (about 0.8 Ma). Both of these reflect the continuing reaction of the vegetation to the elevation of the isthmus of Panama (about 4 Ma). These large changes in the composition of the vegetation are superimposed on a continuous background of periodic variation (represented here by the Podocarpus record) that persisted throughout this time span.
This pattern suggests that although large reorganizations of the biota can result from plate-tectonic-driven processes, these reorganizations are carried out in the context of a continuously varying environment.
DISCUSSION
In our review of the data, we have emphasized three key observations: 1) the evidence on all three time scales for orbitally paced changes in climate, 2) the current understanding of how the changing set of global controls leads to different climatic responses in each geographic region, and 3) the major responses of the vegetation and marine plankton to these changes. The key results encourage us to project our understanding of climatic and biospheric changes during the Quaternary back into the Tertiary and earlier geological periods and thus onto evolutionary time scales. As Bennett (12) pointed out, such a projection helps explain Gould's (55) paradox of the first tier, i.e. "our failure to find any clear vector of fitfully accumulating progress," within species in the fossil record "when conventional [evolutionary] theory... expects it as a consequence of competition...."
An understanding of the mechanisms and effects of orbital forcing on regional climates and biotic systems is key to this explanation. Since 1976, when Hays et al. (59) used data from the last 400,000 years to present convincing evidence for orbital pacing of global climates, paleoclimatologists have used climate models and data to discover some of the mechanisms by which orbital variations have affected the climate system both during the Quaternary and earlier periods, (34, 73, 114, 115) . They also obtained data to show the existence of orbitally paced changes from pre-Quaternary periods (i.e. older than 1.8 Ma).
Data and modeling results for the last 20 ka show the important role of the contrast between land and sea in translating the changing seasonal intensity of insolation into stronger and weaker monsoons and thus in producing periodic large changes in moisture balance in tropical climates. This mechanism for direct climatic response to orbital forcing has been present throughout the geological record. For example, stratigraphic evidence exists for tropical lake level variations from a 20 Ma interval in the late Triassic (15, 108) . Modeling studies also support the importance of this mechanism in the past by illustrating how continental drift, continental size, and mountain uplift modulate the magnitude of monsoonal oscillations (39, 85) . In previous geological periods, therefore, ice sheets and ice-age climates are not required for orbitally induced changes in insolation to cause significant climate changes on the time scales of orbital variations, particularly for large continental areas like Afro-Eurasia today.
Data and modeling results from the last 20 ka also show how global and regional climate controls produce a set of regional mid-to high latitude climatic patterns that represent a complex but predictable response to relatively simple forcing (34) . For example, the models and data illustrate how changes both in the seasonal cycle of insolation and in ice-sheet size can shift the position of the jet stream and produce glacial anticyclones. These in turn produce predictable changes in the seasonal patterns of temperature, precipitation, and moisture balance (8, 34, 125, 149) .
The changes in ice sheets and insolation produce changing seasonal patterns in the magnitude of different climate variables and thus lead to independent variations of individual climate variables. The changing controls, therefore, induce climates to change not just in location but also in character, and different past combinations of the controls therefore have created past climates unlike any at present (i.e. without modern analogs) (82) . Among the biospheric responses to these climatic changes are time-transgressive changes in taxa that appear as differences in the patterns and timing of migration among taxa within regions (69, 75) . The orbitally induced climate changes therefore have led to individualistic responses among plant and plankton taxa, and such responses, by definition, alter former plant and plankton assemblages and lead to the emergence of new associations and ecosystems (68, 95, 125, 147) .
Oxygen isotope records for the past 3 Ma (Fig. 5B) show that the recent large changes in climate like those of the past 20 ka and 175 ka extend back over 700 ka with a dominant 100 ka beat and have involved northern hemisphere ice sheets for at least the last 2.5 Ma. Conservative interpretations indicate that significant individualistic responses among climate variables and various taxa have at least this antiquity. In areas with significant monsoonal variations, the antiquity is greater. Recent studies present records for changes in global ice volume not only from the Pliocene (3 Ma ago) but also from much earlier in the Tertiary (119). The current ice age, i.e. this period in earth history with permanent ice sheets that vary in size, is, therefore, ancient. Tertiary paleoecological records predating those in Figure 5 show Quaternary-like variations (6, 7) , whenever the temporal resolution of the sampling intervals is fine enough.
Modern species and many extinct species, therefore, evolved in the face of these regular changes in climate and the biosphere. Huntley and Webb (69) have even postulated that plant taxa developed an ability to migrate in order to cope with the orbitally induced variations in climate. Given that orbital forcing has a regularity similar to diurnal and annual forcing, we are not surprised that elements of the biosphere like species are adapted to coping with the long-term orbital variations in much the same way that individual organisms are adapted to coping with the climate changes induced by diurnal and annual variations in insolation. The continuous changes in association among taxa have led to continuous changes in the competitive environment for each taxon. With favorable climate conditions appearing and disappearing and inducing large changes in species abundance, many currently abundant taxa have experienced long periods when they were rare and had fragmented distributions (10, 41) . This latter condition should favor allopatric speciation. The problem is, however, that the fossil record indicates that speciation was relatively rare and that species have generally existed for 1 to 10 Ma (36) . Aware of this latter observation, along with the evidence for little progressive change within species, Gould (55) posed the paradox "of the first tier" concerning the lack of evidence for fitfully accumulating progress. Bennett (12) responded by noting the above lessons about orbitally induced climate change and individualistic behavior. He proposed that Gould add the orbital time scale of 10 to 100 ka to his three tier system of biologically significant time scales: 1) ecological time (< 1 ka), 2) geological time (1 to 10 Ma), and 3) mass extinctions (ca. 26 Ma).
Equilibrium/Disequilibrium Responses and Lessons for the Future
Paleoecologists have long debated the relative roles of climate and biotic factors when interpreting both the causes for the changing associations among taxa and the evidence for past associations without modern analogs. This concern has led to a discussion of whether the vegetation is in equilibrium with climate (92, 116) . We believe that the antiquity of the climate forcing implies that all modern species must have coping mechanisms that limit the degree of disequilibrium. We therefore believe that dynamic equilibrium theory must apply (117, 146) , because climate changes on all time scales making notions concerning steady state equilibrium and climax theory inappropriate for time scales of 200 years or longer. Within the forcing-response perspective of a dependent variable (vegetation) always chasing an independent variable (climate), some lags or delays will exist between the climate and vegetation; but, as long as the lags are much shorter than the period of climate forcing, the vegetation is in dynamic equilibrium with climate. For the time scales described in this review, lags of 100 to 1000 years are part of an equilibrium response. Davis (45) has recently developed explanations that downplay the role of chance on continental scales, and she like Prentice (117) notes the increasing role of biotic and edaphic factors as time and space scales decrease. We believe that this hierarchical scheme for attributing importance to the many factors controlling taxon location, abundance, and dispersal will ultimately lead to an adequate theory to unite explanation of continental migrations with gap-phase succession (117) .
Recently the threat of global warming has raised concern and interest among many biologists about the impact of large rapid climate changes on species distributions, ecosystems integrity, and biological diversity, in general (110) . Paleoecological and paleoclimatic evidence has been much cited because the magnitude of climatic changes during previous intervals (e.g. 15 to 6 ka) matches the predicted future increase in the global mean temperature. The rates of past global changes, however, appear to have been slower than those predicted (44, 148) , and this fact raises concern about potential extinctions of species and disruptions of extant ecosystems. Several studies (44, 66, 67, 109, 148, 154 ) discuss these issues, and Hunter et al. (64) , Bradshaw and McNeilly (24) , Huntley (67) , and Peters and Lovejoy (110) propose some of the changes in planning that will be needed to minimize damage to biological diversity.
